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ION ENERGY DIAGNOSTICS FOR VOLTAGE DETERMINATIONS IN h‘ﬁ
PLASMA-EROSION-OPENING-SWITCH EXPERIMENTS Moot

-

I. INTRODUCTION

4‘ o,

=

The use of a plasma erosion opening switch (PEOS) in inductive-

store pulsed-power systems may result in diode load voltages of several

megavolts.l'2 Voltages exceeding 4 MV have been achieved in experiments2 ?Ef
with a PEOS at the Naval Research Laboratory (NRL), and voltages approaching é;:
30 MV are required for the PBFAII, light-ion-beam, inertial-confinement- :?
fusion driver at Sandia National Laboratories,3 %E
The load voltage in pulsed-power experiments is usually determined éiv

by making inductive corrections using current and voltage probes, which, ;f
of necessity, are located at some distance from the load. The experimental ng
arrangement for a vacuum inductive store with a PEOS is shown in Fig. 1 gi-
for the Gamble II generator at NRL. To determine the load voltage, V[, *t
‘ from electrical measurements, the upstream current, I,, and the load er 15:
\ downstream current, Iy, must be measured and used to inductively correct il‘
the insulator voltage, V4, according to 'er
V[ = Vg - Ly(dl/dt) - L(dlp/dt). (1 if?

For this Gamble II configuration, the load inductance, L = 10-20 nH, is much :ﬁ
smaller than the store inductance, Ly = 100-130 nH. Then, the load voltage ::
is given approximately by the switch voltage, Vg,, where Eﬁ
>
Vow = Vg - Ly(dly/dt). (2) A
It is difficult to evaluate the load voltage using Eq. 1 or Eq. 2 k"
because the inductive corrections may be inaccurate for any or all of the gg&
F.'.
| .,‘
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following reasons. Voltage multiplication in the inductive store region
may cause the vacuum insulator to flashover. Time-varying current paths
in the switch plasma may represent unknown time-dependent jinductances.

For finite impedance loads, current losses may occur between the switch

region and the load. Finally, this inductive correction relies on taking

the difference between two comparable electrical measurements which often
have poor signal-to-noise ratios and may be perturbed by the intense
electromagnetic and radiation environment,

Nuclear techniques can be used to measure the maximum load voltage
for ion-diode loads in a way that is non-perturbing to the load and is
insensitive to the noisy electrical environment. A measurement of the
energy of protons or deuterons produced in an ion diode provides a direct
measure of the diode voltage because for singlv charged ions, the load
voltage is the ion energy divided by the electronic charge. The yields of
nuclear reactions are particularly attractive for multi-MeV ion energies,
and a nuclear measurement can be used to determine the voltage at the load
without perturbing the load. The techniques described here have the
disadvantage that they do not provide time resolved voltage but only
determine a maximum or average value. Four different nuclear techniques
for determining load voltages are presented in this report: 1) neutren
time-of-flight (TOF), 2) absolute neutron-intensity measurements, 3) Jdelaved
activations, and 4) stacked-foil activations. Each of these techniques
will be described, and results from applying these techniques to FEOS

experiments will be presented.
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I1. NEUTRON TIME-CF-FLIGHT
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a TOF detector located several meters from the target. The ion energy is

determined from the measured neutron energy using reaction kinetics as

shown in Fig. 2 for two different nuclear reactions, Forward-emitted

neutrons are used to optimize the sensitivity of the ion energy to the
neutron energy. The neutrons must have sufficient energy and the reaction
cross section must be large enough to produce a measurable pi:lse of neutrons
in a scintillator-photomultiplier detector. Our experience leads us to
recommend the 2H(d,n) reaction for deuterons with energies > 0.5 MeV and
the 7L.i(p.n) reaction for protons with energies > 3 MeV. The cross sections
for both of these reaction have been measured extensively, and the reacticn
kinematics are well documented.?:5 The cross sections of both reactions

are strongly forward peaked.

There is an intense bremsstrahlung pulse associated ith a pulsed-
power driven ion diode which provides a timing reference for when neutrons
are emitted from the diode. It is assumed that the neutrons and the x rays
originate simultaneously at the diode during the power pulse. The neutron
flight path should be adjusted so that the neutron pulse occurs well after
the bremsstrahlung pulse. This allows the TCF detector to recover from the
bremstrahiung pulse and reccrd the neutron pulse. The longer the flight
path and flight time, %“he more precisely the neutron energy is determined.
Cf course, the detector must be located sufficiently close to the scurze so
that the neutron pulse can be detected abcve the background level of the

detectz The thickness of the targets used is much l2ss than the ion range

o}

so that the temporal dispersion ¢f the rneutron pulse dus o 13n =norgy 1o9s

in the tarset 1s minimized.

Neutrzn TOF measursments with the <H: d.n, reacticn for TEIS owperiment .
on ~hs Sarkble 11 qereratir are shown in Fig., 2. The conter Condustt o folarity
was TOSi%ive, and a pinched-boam lon dicde with an anode <oatod ~ith brutovate
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polyethylene (CD,) was used to produce a deuteron beam. (The locations of the
anode and cathode are interchanged from those shown in Fig. 1.) Deuterons were

accelerated across the anode-cathode gap and bombarded a CD, target located

b

e

on the cathode to produce an intense pulsed neutron source. The TOF detector

cetew
L
.

was located 7 m from the CD, target along the axis of the generator. For

)
P

€5,

neutron energies < 6 MeV and a 7-m flight path, the flight time is > 200 ns,
and neutrons arrive at the detector well after the 50-ns duration x-ray pulse
from the diode. The scintillator-photomultiplier TOF detector was embedded
in a 3.2-cm thick lead shield to attenuate the bremsstrahlung. Even so, the
x-ray pulse saturated the detector output at = 40 V, as shown in Fig. 3.

Two different methods were used to evaluate the neutron energy from

these TOF measurements. For method 1, the neutron and x-ray pulses were

sALe S

measured on a slow sweep (50 ns/div.), and the interval between the 50% ; ‘
IS
risetime points on these pulses was measured; this corresponds to the 4.1-MeV i:“
e
“
neutron energy in Fig. 3. For this case, the x-ray pulse was saturated, and s

N

1.‘.*.‘, »

its peak is not well defined. For method 2, the neutron trace was measured

S LR
«
o

on a fast sweep (20 ns/div.), and the x-ray pulse (unsaturated) was measured

¥
-

b

with a scintillator-photodiode detector. The time interval between the

peaks of these signals from twe different detectors was determined. This IS
ot

interval corresponds to the 3.8-MeV neutron energy in Fig. 3. This neutron Sy
. < - . . - ~

energy implies a deuteron energy of 0.7 MeV. For higher deutercn energiss ¢

BV

of 2 to 3 MeV, the neutron signal would occur earlier in tim2 as indicated I

L

at the bottom of Fig. 3. For both methods, appropriate corrections werc made Y

. . , L, . ——~— “at

for a-ray flight times from the diode to the Zdatectors, for delay in the TCT -

-

phoromultiplier detector, and for the deuteron flight time from the ancde =L

e

'!’ -

to the CD; target. S

;-‘ ¥

Ceuteron energies detarmined Ty th2ue Swd methods for four diffisrons ]

RN

shcts are compared in Takble I. The larger uncertaintics ITr metnod o rosuls N
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Table 1

Deutercon Energy Measurements by Neutron Time-of-Flight

T

Shot No. Deuteron Energy (MeV)
Method 1 Method 2

. 2507 0.6 t 0.2 0.8 t 0,15
i 2509 0.9 0.3 0.84 t 0.15
| 2511 0.84 £ 0.25 0.75 ¢t 0.15
3 2513 1.0 £ 0.3 0.7 t 0.1
K with these two methods are in agreement. Comparison of the upstream and
) downstream currents in Fig. 3 indicates slower-than-optimum switch opening

and significant current losses. These low deuteron energies are attributed

) to the combination of large diameter conductors in the switch region and
positive-polarity operation.6

¥ For experiments where the PEQOS operation produced voltages exceeding

3 MV on the diode,’ neutron TOF measurements were unsuccessful., At these

higher voltages, the bremsstrahlung was so intense that the TOF detector

was unable to recover from the x-ray pulse in time to record the neutron

pulse. For these measurements, the detector was located within a shielded
room surrounding the diode. If the detector were located outside this
room and at a larger neutron flight path so that direct line-of-sight from
the detector is restricted to just the neutron source, it is likely that

N this detector recovery problem could be overcome. This detector geometry
has been used successfully on Gamble Il to make neutren TCF measurements

' from exploded CD; fibers.S

In this case, the TIF detoctor was Located

. N o . . — . .
= 10 m outside the shizided roem at o3 to the Jdiccde axii. ©-r ilon-dicde

experiments on the Gambl< Il J2Nerator, it »as Mol §o331Z0- w2 ndreass tha
neutron flight path 1n the forward direction Lo mors <nan = © 7.
? -~
N Neutren TOF measurcments <190 20e oL B0 Toalnion nave Zowen Zarried -

out on a higher volitage pulsed-power Jonerator.”  This roactiin i antractive

L
I VAR

Yy v

e v WA R A R TENISS )y S Ny "'If‘f‘f'.'.r-l-f " ' R Tt
Al ".|‘.lvﬂ.'l.." LALLM f ’ " -..g. AN A v“\.. 'l... e % " "‘l\.. ~\\' s ‘. o e



for this application because even at the higher voltages, the neutron

velocities are small enough so that the neutrons can be adequately delayed
relative to the bremsstrahlung for reasonable flight paths, For the

experiment in Ref. 9, the TOF detector was located 13.8 m from a LiCl target

and at 10° to the generator axis. The detector was embedded in a 5.1-cm thick

lead shield to attenuate the bremsstrahlung from the diode, and thick LiCl
targets were used to increase the neutron output., Detector traces for shots
with and without a target are compared in Fig. 4. In this experiment, the

duration of proton emission from the diode and the neutron energy dispersion

from protons stopping in the thick LiCl target are primary contributors to the

width of the neutron pulse. An average proton energy of 4.3 MeV is determined

from the time interval from the peak of the x-ray pulse to the peak of the
neutron pulse. A maximum proton energy of 5.4 MeV is based on measuring
from the 50% point on the leading edge of the neutron pulse.

In summary, the ion diode load voltage can be measured by neutron
time-of-flight for sufficiently long flight paths. Forward-emitted neutrons
must be detected for optimum sensitivity which may require positive polarity
operation of the pulsed-power generator so that these neutrons are directed
away from the generator. The 2H(d,n) reaction is appropriate for energies
> 0.5 MeV, and the 7Li(p.n) reaction is appropriate for energies » 3 MeV.
This technique does not require a measurement of the ion current., The
challenge with this diagnostic is to shield the TOF detector adequately

from the intense prompt bremsstrahlung pulse so that the delayed neutron

pulse can be measured.
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III. NEUTRON INTENSITY MEASUREMENTS

PO

For proton energies greater than 1.9 MeV, the yield of neutrons from

" »

Py

the 7Li(p,n) reaction is & sensitive function of the proton energy, and a

measurement of the number of neutrons can be used to determine the proton

'

energy and thus estimate the diode voltage. Figure 5 presents the thick-

target yield fcr the 7Li(p,n) reaction on a LiCl target for neutrons emitted

KNS SAASS

at 15° to the incident proton beam; conditions corresponding to measurements

AP O

on the Gamble II generator. This yield was evaluated from tabulated reacticn

cross sections.4 0, and proton stopping cross sections,10 €, according to

Y(E) = [(o/e)de (3)

where the integration is from the threshold energy to the incident proton

energy, E. This thick-target yield increases rapidly with proton energy

RS

from a threshcld at 1.88 MeV so that a measurement of the neutron intensity

Y
»
2Ll

A“

can be used to infer the energy of protons from 1.9 to more than 4.5 MeV.

.“../

ot
i ':.
o

To relate the thick-target yield to the measured number of neutrons,

the ion current on target and the pulse shape for the diode-load voltage

b 4088,

are required. The ion current on the LiCl target was measured with a

-y

L4
-
-
Y
.
.
.
b

Rogowski current monitor as shown in Fig. 1. The switch voltage, determined

x4

from Eq. 2, was used for the veltage pulse shape. Then the number of

A S N
)
P Tl

neutrons/sr, Np, is given by

s 77,

Np = JICO) Y[E(t) ]t

|
- 1Y

KA

where the shape of E(t) is given by the switch voltage, Vg, (t). The

energy, E(t), is scaled from V., (t) to fit the measured number of neutrons

... ﬂ' .l. .l .l

so that

Vel T)

where F is a scaie factor.
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For experiments on Gamble II, the number of neutrons was measured
with a Mn-Cu activation detector which had been calibrated absolutely for
neutrons from the 7Li(p.n) reaction.ll The detector consisted of a Mn-Cu
foil (2.5-cm dia by 25-um thick) embedded in a 7.6-cm dia by 7.6-cm thick
polyethylene moderator. Neutrons, moderated in the polyethylene, i1nduced
activity in the embedded foil by the SMn(n,¥)®Mn reaction. For Gamble II
operated in negative polarity, the proton beam was directed toward the
generator. A pinched-beam diode with a polyethylene anode was used to
produce the proton beam, and the signal from the ion-current Rogowski on the
center conductor (see Fig. 1) was recorded through a transit-time isclator.
To measure the forward-emitted neutrons from the 7Li(p,n) reaction, the
ccapact Mn-Cu detector was located within the center conductor of the
generator. After a shot, there was sufficient time to remove the Mn-Cu foil
and measure the 156-min >®Mn activity.

The results of four PEOS shots on Gamble Il operated in negative
polarity are presented in Table II. The measured ion-current and switch-
voltage traces for these four shots are given in Fig. 6. For shot 2715,

a smaller ancde-cathode gap was used, and no neutrons were detected. For
this lower-impedance diode ccndition, the proton energy did not exceed the

1.9-MeV threshold energy; i result consistent with the switch-vcltage trace,

Table II

Proton Energies from Neutron-Intensity Measurements
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For the other three shots, the current and voltage traces shown in Fig. 6
were used to calculate neutron intensities according to Eg. 4. In all three
cases, the calculated intensity was larger than the measured intensity so the
switch voltage was scaled according to Eq. S to fit the measured intensity.
The scale factors and the maximum ion energies required to reproduce the
measured neutron intensities are given in Table II. The scale factor is a
sensitive function of the neutron intensity as shcwn in Fig., 7 for shot 2714.
To the extent that the measured ion currents are not 100% protons, the
energies in Table II represent lower limits on the diode vcltage.

These neutron intensity mcasurements indicate that dioce voltages
of at least 2.6 MV are produced in negative-polarity PEOS experiments on
Gamble II. These voltages are higher than the results presented in
Section II due to improved PEOS performance a negative polarity

In summary, neutron intensity measurements with the 7Li(p.n> reacticn
can be used to infer ion-diode voltages in excess of 2 MV. Measurements can
be made for proton beams directed toward a pulsed-power generator by using a
compact neutron detector located inside the generator. However, this
diagnostic requires independent measurements of the ion current on the

neutron-producing target and of the waveshape of the load voltage.

IV. DELAYED ACTIVATICNS

For protons with energies greater than 3 MeV, a variety of (p.n)
nuclear reactions which produce delayed positron radicactivity can be used
te infar the proton snergy and the dicde veltage. In general, (g0 realtions

cn different target nuclel have diffcrent threshoid o
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thick-target yields are sensitive functions of the proton energy. Five

suggested (p,n) reactions with threshold energies ranging from 3 MeV to more
than 7 MeV are listed in Table III. These reactions were selected for the
following reasons: (1) The large isotopic abundances, large cross sections,
and large positron decay branchings optimize the activities relative to
competing activities induced by naturally occurring deuterons in the ion
beam. (2) The single-element targets are readily available, and the half-
lives are convenient for counting after pulsed activation. (3) The positron
activity can be measured efficiently by coincidence counting.12 Small
beam intensities (> 1010 protons) are acceptable, and the beam current
density on target must be small (< few kA/cm?) to avoid loss of
radiocactivity by target ablation,
Cross sectionsl3 for these five reactions are displeyed in Fig. 8.
In all cases, the cross sections increase rapidly from threshold to values
l of several hundred mbarns. Simultaneous measurements with several of these
targets can provide limits on the proton energy. For example, if these five
‘ targets are exposed to the same proton beam, and the B, Ti and Cu targets
are activated but the Mn and Ni targets are not activated, then the proton

energy must be between 4.2 MeV and 5.9 MeV. In this way, the maximum energy

Table III

(p,n) Threshold Reactions to Produce B% Activities

Threshold Target Isotopic Residual Half- 8*
Energy Nucleus Abundance Nucleus Life Decay
(MeV) (%) (min) (%)
| 3.02 llg 80 e 20 100
3.77 47ty 7.5 a7y 31 96
4.21 63cu 69 ®32zn 38 80
5.90 52¢r 84 5Mvn 21 32
7.17 60N 26 60cy 22 58
|
|
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of a proton beam in the range from 3 MeV to more than 7 MeV can be estimated.

To be more quantitative, measured activities can be used as described in
the next paragraph.

The ratio of B* activities measured for two of these reactions can
be used to determine an average proton energy. This procedure is illustrated
in Fig. 9 for the 11B(p.n) and 63Cu(p,n) reactions., Thick-target yields for
these reactions on boron nitride and copper targets, calculated according
to Eq. 3, are displayed in this figure along with the ratio of the number of
radioactive nuclei produced by these two reactions. In the region from
4.2 to 6 MeV, this ratio is a sensitive function of the proton energy.
Measurements of this ratio with * 10% precision determine the proton energy
to t 300 keV at 6 MeV and to even smaller uncertainty at lower energy. Only
the relative activity of each sample is required, not the absclute activit ,
so the measurement is simplified. This technique can be used with other
pairs of reactions in Table III to provide similar ratios which are sensitive
to the proton energy in higher or lower energy ranges. The energy range
of this technique is appropriate for PEOCS ion-diode experiments on the
Supermite generator (4 MV, 2.2 Q) at Sandia National Laboratories,

Simultaneous activations with the (p,n) reactions in Table III have
not been used to measure ion-diode voltages, but simultaneous deuteron
activations with the 12¢(d,n)13N and 27A1(d.p)28}\1 reactions have been
used to determine deuteron energies from pulse-power sources.8:12 This
technique was tried with the FEOS experiments on Gamble II. Side-by-side
carbon and aluminum targets were expossd to the deursrin team from an inverse
pinched-beam diode. The beam intensity on target was limited by mounting
the 1-cm? area targets 6-cm benind @ 5.4-™M 314 aperature ~fich restri-rad

the ion beam on target. Targer activatnicns wero measyured, bur = rosnlns
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indicated that the beam current was not evenly distributed between the two
targets. The ion beam had low divergence, did not spread from the diode,
and struck the targets non-uniformly and non-reproducibly. This activation
technique requires that an equivalent beam strike each target. A solution
to this problem would be to ensure a uniform beam distribution onto both
targets by Rutherford scattering the beam through a thin gold foil,
Alternatively, a composite target could be used where the carbon and
aluminum are homogeneously mixed in known proportion.

In summary, the ratioc of delayed activations induced by either
proton or deuteron beams can be usad to determine diode voltages ranging
from = 1 MV to more than 7 MV, For voltages > 3 MV, (p.n) reactions are
recommended because they have greater sensitivity to the ion energy than
do the deuteron-induced reactions., This technique measures an average
ion-beam energy weighted towards high energy by the thick-target yields.

A uniform beam distribution on target is required with a current density
small enough to avoid target ablation. However, measurement of the

ion-beam current is not required.

V. STACKED-FOIL ACTIVATIONS

The delayed-activation technique can be extended to the use of
stacked fcils to measure the maximum diode voltage. This technique has
been used in several laboratories to measure energy spectra of collectively
accelerated protons.14 The 63Cu(p.n) reaction has been used in these
experiments, but this technique can be used with any of the reactions
discussed in Sect. IV. To measure the maximum ion energy, the activity in
a stack of thin foils bombarded by the ion beam is determined as a function

of the depth intc the stack. The range-energy relation is used to convert
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the depth in the stack to ion energy. For the (p,n) reactions in Table III,

the proton energy must exceed the threshold energy before any activity is
produced. Higher energy ions penetrate furthur into the stack and induce
activity at greater depth. A determination of the deepest activated foil

is sufficient to show that the ion energy is larger than the energy needed
to reach that foil and is less than the energy required to activate the next
foil. In this case, the energy resolution is limited by the foil thickness.

The energy can be determined with greater precision by using the
relative activity between adjacent foils. For a given incident ion energy,
the activity in a foil stack decreases rapidly near the threshold energy for
the (p,n) reactions or near the end of the range for the deuteron-induced
reactions., Consequently, the relative activity of the deepest foils is a
sensitive function of the maximum ion energy. To interprete such measure-
ments, a monoenergetic incident beam energy is assumed and the relative
activity of adjacent foils is calculated, The ratio of measured activities
of adjacent deepest foils is compared with the calculations to determine
the incident ion energy. This analysis underestimates the maximum ion
energy because lower energy ions can contribute to the activity of the
next-to-deepest, but not to the deepest foil. Even so, this technique is
still very sensitive to the maximum ion energy.

The stacked-foil technique has been used to measure the maximum
deuteron energy or ion-diode voltage for PECS experiments with an inverse
ion diode on the Gamble II generator.2 The delayed activation of carbon
in a stack of six 25-um thick polyethylene (CH,;) foils was measured as a
function of depth in the foil stack. The 10-min 13N activity from the
12C(d.n)13N(B*)13C reaction was used for this measurement. The 0.51-MeV

annihilation radiation associated with the 8% decay was measured with a
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7.6-cm x 7.6-cm Nal detector and multichannel pulse height analyzer. The
initial activities in foils #3 through #6 are shown in Fig. 10 as a function
of depth into the stack. Foils #1 and #2 were melted and contaminated with
radioactivity from the diode. No measurable activity was induced in foil #6.
The relative activity in each CH, foil was calculated using the thick-target
yield8 for ~his reaction and stopping cross sectionsl® for deuterons in CH,.
In Fig. 11, the calculated ratios of activities for foil #4/foil #3 and

foil #5/fcil #3 are compared with the measured ratios with the background

subtracted. Both measured ratios are consistent with an incident deuteron

S

energy of 3.65 t 0.05 MeV. The large voltage multiplication (a factor

o o
(I

of 2.4) for this experiment is attributed to the use of smaller diameter

A

conductors in the switch region and to negative-polarity operation,

-

Retios of activities for adjacent foils in a CH; foil stack are
presented in Fig. 12, Activities are produced in the first two foils by
2-MeV deuterons, but the energy must exceed 2.4 MeV or 3.0 MeV to induce
activity in the third or fourth foil, respectively. In later experiments2
on Gamble II, the CH, foil stack was covered with a 25-pm thick aluminum
foil to shield the stack from carbon activity produced in the diode region.
The energy loss in this aluminum covering has been added to the energy onto
the CH, foil stack to give the deuteron energy from the diode, as shown at
the top of Fig. 12. The curves in Fig. 12 demonstrate the sensitivity of
the relative activity to the incident deuteron energy. For example, a * 10%
measurement of the relative activity corresponds to t 50 keV uncertainty in
the diode voltage. By using the deepest foils in the stack, this measurement
samples the most energetic deuterons from the diocde. Lower energy deuterons
contribute to the activities of the shallow foils in the stack, and the

activities of these foils are not used. This technigque may te extended to
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higher diode voltages by including more CH, foils in the stack, or by using
any of the reactions listed in Table III. In addition, the uncertainty in
the voltage determination may be reduced by using thinner foils., For

example, for the measurements in Ref. 2, 12.7-um thick CH, foils were used,

S5 IRIC e  b O

and the maximum deuteron energy was 4.25 ¢ 0,02 MeV, corresponding to a

voltage multiplication of 2.3.

In summary, the delayed activation of stacked foils by protons
or deuterons from an ion diode can be used to measure the diode voltage.
Voltages exceeding 4 MV have been determined with the 12¢(d,n)13N reaction
by measuring the activities of only a few foils in a CH; foil stack.
The maximum diode voltage can be determined to = 1% uncertainty with
10 to 20-um thick foils. The (p,n) reactions in Table III can be used
to extend this technique to voltages exceeding 10 MV. At higher energies,
the activity induced in the deepest foils is less sensitive to the ion
energy due to increased ion straggling near the end of the range. This
problem is minimized by using the threshold reactions shown in Fig. 8
where the rapidly varying activity in the foil stack occurs at much higher
ion energies. The ratio of activities for adjacent foils in a stack
can be calculated as a function of the proton energy for the reactiocns
in Table II11, and the maximum energy can be determined by measuring the
listed positron activities., If the voltage is known approximately,
for example, by delayed activation measurements as described in Secr. IV,
then the stacked foil can be designed so that only a faw foil activity

meastirements are needed to determine the voltage.
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VI. SUMMARY

Four different nuclear techniques have been develaped and used
to determine voltages for PEOS experiments on the Gamble Il generator,
Neutron TOF with 2K(d,n) neutrons was used for voltages of = 1 MV, but was
not useful at = 3 MV due to intense bremsstrahlung from the diode. This
technique has been used successfully at higher voltages with 7Li(p.n)
neutrons., The intensity of forward-emitted neutrons from the 7Li(p.n)7Be
reaction was measured to determine voltages larger than 2 MV. This technique
was used when the neutrons were directed toward the pulsed-power generator
so that neutron TOF measurements were impossible. Delayed activations
induced by different (p,n) threshold reactions were recommended for voltages
greater than 3 MV. The relative activations produced by two different (p,n)
reactions could be used to determine voltages ranging from 3 MV to more than
7 MWW, This technique has been demonstrated with deuteron-induced reactions
at = 3 MV, but it was not successful for PEOS experiments because the
ion-beam was not distributed uniformly on the activation targets.
Stacked-foil activations were developed to overcome this difficulty.
In PECS experiments, voltages of = 4 MV have been determined by measuring
the 13N activity induced in stacked CH, foils by 12c¢d,n) reactions. Higher
voltages, up to more than 10 MV, could be determined by using (p,n)
threshold reactions. As intense ion beams of higher voltage are developed,

it is expected that these techniques will find greater application,
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VOLTAGE
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Fig. 1.

Experimental arrangement for a vacuum inductive store and plasma
erosion opening switch on the Gamble II generator.
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Fig. 4. Neutron TOF traces for an ion diode experiment on the Aurora
generator. Neutrons from the ‘Li(p,n) reaction on a LiCl target
(solid trace) are clearly discernible compared to a measurement
without the target (dashed trace).
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Fig. 6. Ion-current traces (dashed) and switch-voltage traces (solid)

for the four Gamble II shots listed in Table II.
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Fig. 7. Comparison of the calculated neutron intensity (solid line) as a
function of the scale factor to the measured intensity for shot 2714.
The measured intensity implies a scale factor of 0.81 * 0.01.
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Fig. 9.
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Thick-target yields for the 11B(p,n)“C and 63Cu(p.n)632n reactions
Also, the ratio

on boron nitride and copper targets, respectively.
of these two yields is displayed,
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DEUTERON ENERGY (MeV) .
1.5 2.2 2.8 3.3 3.8 4.2
an T T | T T
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I-mil CH, foils

INITIAL ACTIVITY (10° nuclei /min)

o) | | | 1
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Fig. 10. Initial 13N activities determined for a CH, foil stack as a
function of depth into the stack for Shot 3013. For each foil,
the vertical bar is the uncertainty in activity and the horizontal
bar is the foil thickness. Foil #6 is at background level. The
deuteron energy on the top scale corresponds to the range in CH,
on the bottom scale.
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Fig. 11. Comparison of calculated and measured ratios of activities

for the foil activities shown in Fig. 10. The measurements
indicate a deuteron energy of 3.65 t 0.35 MeV.
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